emission covering a wide range of electromagnetic spectrum from visible-to-NIR. Here detailed optical and morphological studies have been systematically conducted to understand the effect of doping in varying amounts of Cu into the NPLs. The Cu-doping has been confirmed independently via different techniques including inductively coupled plasma mass spectroscopy (ICP-MS), high-angle annular dark-field (HAADF) scanning transmission electron microscopy (STEM) combined with energy-dispersive X-ray spectroscopy (EDS) mapping, and X-ray photoelectron spectroscopy (XPS). Furthermore, the dopant-induced PL emission in the Cu-doped CdSe NPLs has been corroborated with time-resolved fluorescence (TRF) spectroscopy. Using an 1D liquid waveguide setup, [8] these Cudoped NPLs possessing high absorption cross-section and nearunity PL QEs are shown to be the efficient materials for their deployment in practical LSCs.
Herein, we used a hot injection-based nucleation doping method to successfully dope Cu + ions in the CdSe NPLs having discrete vertical thicknesses (3 and 4 MLs). For the control samples having various thicknesses, existing optimized recipes were used for 3 and 4 ML CdSe NPLs syntheses. [31, 37] For effective doping of Cu (in terms of varied Cu concentration and the resulting dopant induced emission efficiency) in these thicknesses, the existing synthesis recipes were modified. Different types of Cu precursors and their time of injection during the synthesis have been optimized for having highly efficient and reproducible synthesis of the doped NPLs. Details of different NPL synthesis procedures, Cu precursor preparations and optimization parameters are discussed in the Experimental Section and Section S1 (Supporting Information).
To investigate the Cu doping of the NPLs, HAADF STEM image of Cu-doped 3 ML CdSe NPLs (for the exemplary case of 1.1 atomic weight (at. wt.)% of Cu-doping) presented in Figure 1a , together with the EDS elemental map of Cd, Se, and Cu given in Figure 1b -d clearly shows the homogenous doping of Cu atoms within the core NPLs. Both Cd and Se maps are well matched with the HAADF-STEM image. At small doping levels, Cu maps also match the HAADF-STEM image. To differentiate the background, we recorded the EDS spectra for Cu on and off the NPL surface and shown in Figure S2 (Supporting Information). There is a clear difference in Cu K-alpha peak for maps on and off the particle, suggesting that these NPLs are doped with Cu. Additional EDS, TEM, and high-resolution TEM analysis for 3 and 4 ML Cu-doped and undoped NPLs are depicted in Figures S1-S8 (Supporting Information). The XRD patterns acquired from the undoped and doped NPLs show their characteristic peaks arising from the zinc-blende structure ( Figure S9 , Supporting Information). Detailed selected area electron diffraction (SAED) analysis for the Cu (0%-9.0%) doped NPLs suggests consistent decrease in lattice d-spacing with constant increase in Cu doping levels in the host matrix of CdSe NPLs ( Figure S10 and Table S1 , Supporting Information). Similar results exist in the previous literature showing a constant decrease of (111) lattice planes d-spacing with increase of Cu doping amounts in CdSe QDs. [13] To determine the exact doping amounts, ICP-MS measurements were carried out for the samples thoroughly cleaned with ethanol. Figure 1e ,f shows the change of the Cd, Se, and Cu atomic percentages in the 3 and 4 ML doped NPLs as a www.advmat.de www.advancedsciencenews.com function of the added Cu precursor during the synthesis. From this set of analyses, we observed that there is a monotonic increase in the incorporated Cu dopant with the increase in Cu precursor up to a certain level. With the further increase in Cu precursor, the amount of Cu doping in the NPLs is found to decrease. Thus, the dopant concentration can be fine-controlled up to 11.3% for 3 ML and 9.0% for 4 ML NPLs by tuning the amount of Cu precursor solution used during synthesis.
Besides the EDS elemental maps and ICP measurements, XPS measurements independently show the presence of Cu in the NPLs, additionally providing further insight to understand its possible oxidation states. The high-resolution XPS spectra of 11.3% Cu-doped 3 ML CdSe NPLs shown in Figure 1g at 932.55 and 955.35 eV specific to Cu 2p orbitals suggesting the existence of Cu + ions as the dopant. [15, 38, 39] High-resolution XPS spectra at the Cu 2p peak are presented in the inset of Figure 1g as a function of the increasing Cu-dopant amount. Additional XPS analysis, survey-spectrum and high-resolution XPS for Cd and Se are given in Figure S11 (Supporting Information). Figure 2a depicts the UV-visible absorption and steady-state PL spectroscopy results obtained from the samples of undoped and Cu-doped 3 and 4 ML CdSe NPLs. UV-visible absorption spectra of the undoped and doped samples show that both electron heavy-hole (e-hh) and electron light-hole (e-lh) transitions of the CdSe NPLs stay unchanged after doping, which pinpoints that the doping level studied here does not change the essential excitonic absorbance of the NPLs. [31] In addition, for all of the doped samples, there exists a very weak and broad absorption tail at lower energies beyond the first excitonic absorption peak ( Figure S12 , Supporting Information). This may arise due to metal-to-ligand (conduction band) charge transfer (ML CB CT) absorption state, which has been previously observed for the Cu-doped CdSe CQDs. [40] [41] [42] The PL emission spectrum of the undoped 3 ML CdSe NPLs in solution at room temperature (along with their normalized absorption spectrum) shown in Figure 2a exhibits a spectrally narrow band-edge (BE) emission peak at ≈465 nm having a full-width at half-maximum (FWHM) of ≈10 nm, which is a characteristic of the CdSe NPLs having 3 ML vertical thickness. [31] Along with the narrow BE emission, these NPLs also exhibit weak trap emission bands having a broad emission, which was reported earlier for these 3 ML NPLs. [30, 35] On the contrary, for the doped 3 ML NPLs, a strong and broad emission in the longer wavelength region (peaking at ≈650 nm) was observed in addition to the weak BE emission at ≈465 nm. This broad Stokes-shifted emission was previously assigned to Curelated emission (ML CB CT) in CdSe CQDs. [13, 41] UV-visible and PL emission spectra of undoped and Cu-doped 4 ML CdSe in Figure 2a show similar behavior with the doping of Cu ions, which has resulted in strong and efficient Stokes-shifted emission (≈700 nm) for Cu-doped 4 ML NPLs. Thus, with the relaxation of the confinement from 3 to 4 ML NPLs, we found consistent behavior in the shift of Cu-related emission spectrum (650-700 nm). The real-color photographs of both the undoped and Cu-doped 3 and 4 ML CdSe NPLs illuminated under UV lamp are given next to the corresponding emission spectra. Figure 2b shows energy band diagram for the undoped and Cu-doped NPLs. Therefore, as seen from emission spectrum in Figure 2a and its corresponding band diagram in Figure 2b , the recombination mechanism for this Cu + related midgap emission in these doped NPLs is very similar to 0D Cu-doped CdSe CQDs. [19, 40, 41, 43] Adv. Mater. 2017, 29, 1700821 www.advmat.de www.advancedsciencenews.com Furthermore, as shown in Figure 2c , the Cu-related emission contributions in the total emission spectrum and absolute PL QE vary as a function of the increasing Cu precursors in the 3 and 4 ML doped NPLs. With increasing Cu precursor values up to certain levels (200 µL for 3 ML doped NPLs and 160 µL for 4 ML doped NPLs), the fraction of total integrated PL intensity associated with Cu + emission (I CT /I TOT ) increases and the intensity of the excitonic PL decreases to nearly zero. Above these levels of dopant precursors, the integrated dopant related emission contributions decrease in consistency with the recovery of the BE emission. Additionally, as estimated by ICP:MS analysis, there is a monotonic increase in the doping percentage with respect to the added Cu precursors (e.g., up to 11.3% and 9.0% for 200 and 160 µL of the used precursors for 3 and 4 ML NPLs, respectively (Figure 1e,f) ). Above these limits, further increasing amounts of the added Cu precursors during synthesis result in decreased doping percentages in the synthesized NPLs. Recently, for Cu-doped CdSe CQDs, a similar decrease in the Cu + doping amounts at higher added amounts of the precursors has been observed, which further leads to the recovery of BE emission in their studies. [44] Detailed steady-state PL emission and UV-visible absorption spectroscopy results for different Cu-doped 3 and 4 ML NPLs are presented in Figures S12 and S13 (Supporting Information).
To this end, we measured the absolute PL QEs of all doped and undoped NPLs using an integrating sphere based on de Mello method (Figure 2c ). [45] Apart from the increase in dopant emission contributions (Cu + PL fraction), the absolute PL QE also increases with the increase of Cu feed up to 100 and 120 µL for 3 and 4 ML doped NPLs, respectively. At these dopant feed values, the highest achieved PL QEs are 80% and 97% for 3 and 4 ML doped CdSe NPLs, respectively. With further increase in the Cu feed values, although the integrated Cu + PL fraction increases slightly, the absolute PL QE decreases. These high PL QEs (≈80%-97%) for these Cu-doped 3 and 4 ML CdSe NPLs are found to be highly reproducible and stable at the ambient conditions for several months. Furthermore, these high PL QEs are nearly constant even at higher optical densities (from ≈0.01 to 2.00 at the e-hh peak measured in 1 mm path length) of the dispersions thanks to their large Stokes shift ( Figure S14 , and PLE (dotted, blue and red, monitored at 650 and 700 nm for 3 and 4 ML NPLs, respectively) spectra of Cu-doped CdSe NPLs. e) TRF decays of the trap-and Cu-related emission at room temperature for undoped and Cu-doped 3 and 4 ML CdSe NPLs, respectively. f) UV-visible absorption and PL spectra of undoped 3 + 1 (i.e., CdSe/CdS), doped 3 + 1 ML (i.e., CdSe:Cu/CdS), undoped 4 + 1 (i.e., CdSe/CdS), and doped 4 + 1 (i.e., CdSe:Cu/CdS) core-shell NPLs.
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shown to be the best in class luminophores for full spectrum LSCs, although they only reach the PL QE as high as 40%. [8] Thus, near-unity PL QE for our core only doped CdSe NPLs offers the potential to show significant improvement in the LSC applications.
To further understand the origin of this highly efficient and large Stokes-shifted emission in the doped NPLs, we performed PL excitation (PLE) spectroscopy (Figure 2d ), collected while monitoring at the long-wavelength emission peak (650, 700 nm for 3 and 4 ML Cu-doped NPLs). These exhibit the midgap and both e-hh and e-lh transitions of the CdSe NPLs at the same relative intensity as in the electronic absorption spectrum (Figure 2d ). Furthermore, excitation spectra of the Cu-doped 3 and 4 ML CdSe NPLs measured at spectral positions of the longwavelength emission peak (i.e., at the peak, red-, and blue-tails), do not show any discernible spectral difference with respect to the electronic absorption spectrum ( Figure S15 , Supporting Information). This suggests that there is no inhomogeneous broadening in the doped NPLs owing to their magic-sized vertical thicknesses. Thus, unlike colloidal CQDs there is a near step-like optical absorption profile in these NPLs. Moreover, the PLE intensity for dopant related emission is much higher than BE-related emission for both 3 and 4 ML Cu-doped NPLs. Thus, it is clear from both the PL and PLE measurements that Cu doping has resulted in strong and efficient dopant-related Stokes-shifted emission in both 3 and 4 ML NPLs. Apart from the doping concentration, the type of NPL (thickness, lateral area), addition timing of the dopant precursor during synthesis, and different ligands used to prepare the dopant precursors are also important factors that are responsible for dominant and efficient Cu-related emission from NPLs (Figures S13 and S16, Supporting Information).
Furthermore, TRF spectroscopy using the time-correlated single-photon counting system was performed to understand this efficient dopant related emission in doped NPLs (Figure 2e ). To investigate the exciton dynamics of this Stokes-shifted and highly efficient Cu + -related emission in the doped NPLs, we compared the PL decay curves in the doped and undoped NPLs at the long wavelength (trap emission for the undoped NPL and Cu emission in the doped NPL). In the pure 3 ML undoped NPLs, a very broad but weak defect emission is observed. The fluorescence decay curve of this defect emission is shown in Figure 2e (upper panel), where we also compared this decay to the decay of the dopant emission in the doped NPLs. There is a stark contrast between the decay curves, which implies that this large Stokes-shifted emission in the doped NPLs is not due to the surface trap states. This supports that this emission originates from the recombination of excited states between the conduction band of the CdSe NPL and the localized hole state of the Cu + dopant. [40] Similar observations for the trap and Cu-related PL emission are also made for 4 ML doped and undoped CdSe NPLs (Figure 2e, lower panel) . Cu-doped CdSe CQDs were previously shown to have an average lifetime between 300 and 500 ns. [19] The decay curves for both dopant and trap related emissions were fitted well with three exponentials for 3 ML and two exponentials for 4 ML doped NPLs. The average lifetime for Cu + and trap-related emissions in 3 and 4 ML doped and undoped NPLs were calculated as 278.3, 42.5 ns and 465.2, 211.2 ns, respectively (Tables S2 and S3 , Supporting Information). Briefly, absence and less fractional contribution of fast decay component in 4 and 3 ML Cu-doped NPLs, respectively, and positive correlation of Cu-related lifetime component with absolute PL QEs explain the origin of high PL QE in these doped NPLs. Moreover, detailed analyses of different decay channels and their relative contributions for dopant related emission help to understand near-unity PL QEs for these newly synthesized NPLs (Figures S17 and S18,  Tables S2 and S3 , Supporting Information).
There have been several reports for the origin and photophysics of Cu-related emission in CdSe NCs. [13, 21, 41] Although emergence of dopant related emission in these newly synthesized CdSe NPLs appears to be similar to the CQDs, further investigations were performed to understand its behavior. Moreover, unlike 4 ML undoped CdSe NPLs, 3 ML undoped NPLs possess a weak and broad trap-related emission, which can be confused with dopant related emission in these newly synthesized doped NPLs.
Even though we verified the presence of variable amount of Cu in these doped NPLs by different elemental techniques, the origin of this highly efficient and Stokes-shifted emission in these NPLs needs to be further investigated. To this end, we selected two different, 3 and 4 ML Cu-doped and undoped CdSe NPLs. Using these four NPLs separately as seeds we grew 1 ML shell of CdS via colloidal atomic layer deposition (c-ALD) technique. [46] Figure 2f shows the absorption and PL emission of the Cu-doped and undoped, 3 and 4 ML core/shell NPLs, respectively. In both the cases for 3 and 4 ML Cu-doped CdSe NPLs, the deposition of 1 ML of CdS shell redshifts the dopant emission further toward NIR region, which results from the relaxation of the confinement in the system. On the other hand, in the case of undoped NPLs with the deposition of 1 ML CdS shell, only excitonic emission is shifted to red regions and is in well agreement with previously reported undoped core/shell NPLs. [46] Due to the effective passivation of surface-related trap states with the CdS shell, trap-related emission in undoped 3 ML CdSe NPLs is completely suppressed. Therefore, appearance of this dopant-related redshifted-emission in the case of Cu-doped 3 ML core-shell NPLs supports that this broad Stokes-shifted emission in doped NPLs has not been originated from the surface-related trap sites. Furthermore, all excitonic features are well preserved in the doped samples as compared to undoped NPLs after growing the shell. However, with the deposition of 1 ML of shell there is a significant decrease in the measured absolute PL QEs (e.g., 70% to 12% and 90% to 18% for 3 and 4 ML samples, respectively). Furthermore, with the deposition of CdS shell, the Cu-related emission contributions are observed to decrease with the consistent recovery of BE emissions for both 3 and 4 ML Cu-doped NPLs. Recently, near complete elimination of Cu dopant ions and its related emission has been observed for Cu-doped CdSe CQDs after overcoating these doped CQDs with CdS shell. [44] The authors have accounted this extraction of Cu ions to the ability of different amines to access NC surface, which are used in the shell growth procedures. In our case for doped NPLs, rigorous cleaning steps and use of oleylamine during the shell growth with c-ALD approach suggest similar behavior for the extraction of Cu ions during shell growth. Overall, these initial results are supportive to show that these highly efficient and Stokes-shifted emissions www.advmat.de www.advancedsciencenews.com in 3 and 4 ML doped NPLs are originated from the ML CB CT PL emission like the previously studied 0D Cu-doped CdSe CQDs.
Successful Cu + doping leading to highly efficient dopantrelated emission in our doped NPLs, creates a material platform as possible luminophores for LSC applications. The Cu-doped CQDs have been recently shown to be the best phosphors for short-and long-scaled LSCs. [8] Although PL QE of these Cu + -doped CQDs has been shown to be moderately low (in the range of 40%) [8, 19] in comparison to other NC heterostructures, [2, 8] their tunable solar absorption and lower reabsorption losses increased their performance as LSC luminophores. In our work, Cu + doping in 2D CdSe NCs has shown near-unity PL QE with similar Stokes-shifted emission. To characterize the performance of our doped 3 and 4 ML NPLs as LSC luminophores, we compared them with benchmarked Cu-doped CdSe CQDs (having PL QE of 44%) in terms of reabsorption losses in the solution. Details of the synthesis, elemental characterization, steady-state spectroscopy and lifetime spectroscopy results for the doped CdSe CQDs are presented Figures S19 and S20, Table S4 (Supporting Information).
We measured the reabsorption losses in the NPLs using a recently reported 1D liquid waveguide with an excitation source placed on a movable stage [8] (Figure 3a) . The experimental setup that is adapted with some modifications is given in Figure S21 (Supporting Information). The movable excitation source simulates the optical path distance to the stationary emission detection spectrometer coupled via a multimode optical fiber and a lens system. Reabsorption losses are quantified by measuring the PL spectra as a function of the optical path distance, L, up to 1.2 m. To make a fair comparison in terms of the reabsorption losses, we prepared 3 and 4 ML Cu + doped NPL solutions having unity optical densities (OD = 1) over t = 1 mm (which is the thickness of the quartz cuvette) at their e-hh absorption peaks. The solutions were carefully injected into the hollow fused silica waveguide without creating any air bubble in the optical path (since air bubbles can create unwanted artificial scattering centers). The PL emission spectra were collected by sliding the excitation source to systematically varied values of L, where L is the optical path distance between the excitation source and the collection end of the waveguide. Figure 3b ,c shows the PL spectra of 3 and 4 ML doped NPLs with changing L. The PL intensity decreases with a redshift in the spectrum with the increasing L for all luminophores. This decrease in the PL emission intensity and the accompanying redshift in the PL emission spectra of these highly concentrated solutions of the doped NPLs are accounted for the reabsorption losses on the Insets show the normalized PL emission of the same data to visualize redshift in the PL emission clearly. d) Spectrally integrated PL intensities for different luminophores as a function of excitation distance by both experimental and numerical modeling. e) Reabsorption probability, plotted versus reduced length. f) Monte Carlo ray tracing simulation for the intensity decay using 4 ML NPL absorbance at the dopant emission and PL QE values. The dashed lines in (d-f) indicate half-lengths, which for a given sample represent the value of length corresponding to 50% probability of reabsorption.
www.advmat.de www.advancedsciencenews.com higher energy side of the PL emission spectrum. The normalized PL emission spectra for the doped 3 and 4 ML NPLs are shown in the insets of Figure 3b ,c. The PL peak emission wavelength and half-maximum wavelength values of the measured PL spectra are given in Figure S22 (Supporting Information). While 3 and 4 ML NPLs exhibit a redshift, CQDs show a narrowing in the PL emission spectra from the both sides causing the PL intensity to decrease significantly.
To understand the redshift and decrease in the PL spectrum, a numerical modeling using Beer-Lambert law is performed. For all samples, the change in the PL spectra with optical path distance obeys Beer-Lambert law perfectly, making the theoretical analysis possible on the LSC luminophores. In Figure S23 (Supporting Information), we compared the experimental and modeled PL spectra for all optical distances, which are in good agreement. Hence, using only the absorption and PL emission spectra of the emitters, it is possible to completely simulate the PL emission spectrum at any optical distance devising a useful method to characterize the performance of the luminophores to be used as LSC materials. Figure 3d shows the integrated PL emission intensities as a function of L for all of the luminophores shown in Figure S23 (Supporting Information) (normalized at the collection end of the 1D waveguide, i.e., L = 0). Unlike previously reported studies, [2, 8] these integrated PL emission data were not corrected for any waveguide or scattering related losses. Although the scattering losses in the solutions are expected to be negligible due to the size of the luminophores, they have been already included in the absorbance spectra. Excellent agreement of the numerical model performed using Beer-Lambert law with experimental measurements also suggests that the only significant loss mechanism is the reabsorption loss in the solution.
To reduce the effect of the reabsorption losses in the waveguide, we prepared dilute solutions of the 4 ML NPLs. 50 and 100 times diluted solutions of 4 ML doped NPLs do not show any noticeable PL emission intensity decrease that can be attributed to scattering or waveguide related losses in Figure S24 (Supporting Information). Agreement between experimentally measured and numerically modeled integrated PL emission intensities in Figure 3d indicates that at such high optical densities (OD = 1) the dominating loss mechanism in the 1D waveguide stems from the reabsorption. In the numerical modeling, we used an effective confinement factor, Γ (<1), which quantifies how much of the emitted light is confined in the luminophore solution (i.e., the core region) of our waveguide. The best matching Γ factor is 0.3 for all luminophores in our setup. The LSC half length (L 1/2 ) values [47] calculated from Figure 3d , for 3 ML and CQDs are nearly similar (≈10.0 cm), whereas 4 ML doped NPLs are shown to possess significantly longer L 1/2 (≈18.5 cm). In Figure 3e , we calculated the reabsorption probability to compare the LSC performances of the luminophores by considering their absorbance and PL emission profiles. [8] Details of the calculations can be found in Section SII (Supporting Information). Reabsorption probability also provides a similar performance metric for the luminophores; 3 ML NPLs perform slightly better than the benchmarked CQDs and the performance of 4 ML NPLs substantially exceeds those of the other two. Ray-tracing Monte Carlo simulation using the absorbance and PL QE values of 4 ML NPLs predicts the half-length as ≈19.5 cm, which is close to the experimentally measured 18.5 cm (Figure 3f ).
In the light of experimental analyses and numerical model of the reabsorption losses, it is possible to project the flux gain (FG) performance of these doped NPLs. Previously, Gamelin and co-workers have reported the projected FG for 1D LSCs using the experimentally derived reabsorption data for different LSC emitters, e.g., doped NCs and different heterostructures. [8] In their work, despite low PL QEs, Cu-doped CdSe CQDs have shown the highest FGs for short-and long-range LSCs. In our case, 3 ML NPLs have a small spectral overlap with the solar spectrum; however, thanks to their higher PL QEs, 3 ML NPL FG performance is close to CQDs (Figure 4a) . In addition to its low reabsorption loss performance, the absorption profile of 4 ML doped NPLs is redshifted with respect to 3 ML doped NPLs. This redshift in the absorption increases the overlap of the absorbance spectrum of the 4 ML NPLs with the solar emission. Having near-unity PL QE and increased spectral overlap with the solar spectrum compared to 3 ML NPLs, 4 ML NPLs significantly outperform CQDs as expected from the integrated PL intensity measurements in Figure 3d . Although the absorption profile of Cu-doped NPLs have limited spectral overlap with the solar emission in comparison to Cu-doped CQDs, their nearunity PL QEs and step-like optical absorption have resulted in higher FGs for these newly synthesized LSC emitters.
After characterization of our luminophores in solution form, LSC prototypes have been prepared by embedding our Cu-doped luminophores in polymer matrix as a proof-ofconcept demonstration. Poly(lauryl methacrylate) (PLMA) has been used as the polymer host material since its long side chains prevent agglomeration of colloidal NCs and low optical absorption in the visible spectrum allows for the fabrication of high-quality CQD-and CQW-polymer nanocomposites. [6, 36, 48] Cu-doped CQD-PLMA (and CQW-PLMA) nanocomposite between two borofloat glasses separated by transparent acrylic tape was photopolymerized with two 365 nm UV sources from the both sides for uniform illumination. In the process of nanocomposite photopolymerization, we used an earlier reported fabrication procedure with little modifications (Section SI, Supporting Information). [6, 48] After the polymerization step, these 2D LSC plates were used as such for the measurements. In Figure 4b , high quality fabrication of the samples with high transmissivity is presented. Demonstrations of different LSCs under ambient light and UV light conditions are also given in Figures S28 and S29 (Supporting Information) . Illustration of the Cu-doped 3 ML incorporated 2D LSC under UV illumination shows that the emitted light is concentrated to the edges (Figure 4c) . In Figure 4d , absorbance and PL emission spectra for 3 and 4 ML NPLs in solution and in PLMA are presented. For both the 3 and 4 ML NPLs, we observed that our luminophores remain unaffected in terms of their steady-state spectral behavior when incorporated in PLMA. Furthermore, the PL emission decay dynamics were analyzed in toluene, lauryl methacrylate (LMA) monomer solution and PLMA polymer film for the 3 and 4 ML NPLs without a noticeable change with respect to the matrix conditions, which indicates successful incorporation of these doped NPLs in the polymer matrix (Figure 4e and Table S5 , Supporting Information).
Using small slabs of dimensions (1 × 1 cm 2 ), we measured optical efficiencies of all the studied doped luminophores by using a calibrated integrating sphere. [11] The highest measured optical efficiencies are 52.5%, 46.5%, and 13.5% for the LSCs fabricated using Cu-doped 3 ML NPLs, 4 ML NPLs, and QDs, respectively. To make a fair performance evaluation of the luminophores, we used the absorbed photon flux (A), which is calculated by the integration of the overlap product of the luminophore absorption and the solar flux (Section SII, Supporting Information). Since three of the luminophores are absorbing different portions of the solar spectrum, this definition can be a useful metric for assessing their performance. Moreover, considering the constant external QE response of the commercial silicon solar cells, effect of the PL emission wavelength of the luminophores on the efficiency of the solar cell should be negligible. [8] In Figure 4f , measured optical efficiencies (η opt ) for different loadings of NPLs in PLMA matrix with one loading of QD is shown when an Si solar cell is attached to one edge of the LSC. Measured short-circuit current, open-circuit voltage, and filling factor values are given in Figure S30 (Supporting Information). In all the measurements, no back diffuser or reflector was located at the back of the waveguide in order to reproduce the situation of an actual PV window illuminated by the sun light. For a 10 × 10 cm 2 lateral area of the LSC, emitted light is confined to edges having an area of 10 × 0.1 cm 2 . Thanks to their preserved PL QEs (≈70.0%) in PLMA matrix, the 3 ML NPLs showed η opt = 1.65% at 1.59 × 10 20 photons m −2 s −1 , while the QDs showed η opt = 1.52% at 2.32 × 10 20 photons m −2 s −1 . Despite the lower spectral overlap of 3 ML NPLs with the solar irradiation, higher loadings of the 3 ML samples absorbing less solar flux can generate higher outputs of electrical power. 4 ML NPLs showed relatively poor performance as compared to 3 ML NPLs due to their significantly lowered PL QE value (≈40.0%) in PLMA matrix compared to their in-solution PL QEs (≈92.0%). In Figure 4g These results clearly show the great potential of these doped NPLs to be used in large-scale LSC applications. However, in order to obtain performance better than that of 3 ML doped NPLs, further optimization of process parameters of 4 ML Cudoped NPLs is required to retain high PL QE in PLMA matrix. Recently, coating of colloidal CQDs on glass slides using doctor blade technique has been shown to achieve high PL QE in 2D LSCs. [5] Thus, these newly shown Cu-doped NPLs possessing superior optical properties have the potential to be engineered with further optimization of fabrication procedures for retaining high PL QEs in the film form. Moreover, by extending this doping strategy in these 2D CQWs having slightly higher thickness (e.g., Cu-doped 5-11 ML CdSe, CdSe/CdS core-shell and core-crown architectures), the absorption spectrum can be further tuned to absorb more solar light and emit in the NIR. Therefore, the present work provides a solid platform for applying doping concepts in 2D colloidal quantum wells, which can be extended into different dopant/core and new 2D architectures for future solar light harvesting applications.
In conclusion, we have shown the first core doping of 2D CdSe colloidal quantum wells with Cu enabling exceptional optical properties including step-like optical absorption, tunable emission in the visible-to-NIR spectral region, large Stokes shift, near-unity PL QE, and high absorption cross-section.
Detailed HAADF-EDS, ICP, XPS, steady-state, and timeresolved fluorescence spectroscopy studies confirm the copper doping in CdSe CQWs. The combination of stable and dominant dopant related emission having minimum self-absorption accompanied with significantly unchanged PL QE at higher optical densities augment the novelty and advantage of deep substitutional doping of Cu + in CdSe CQWs. Under similar experimental and numerical conditions, these doped CQWs are shown to be excellent LSC emitters; outperforming typical doped CQDs. Based on these unique properties, a prototype of LSC has been demonstrated. We believe that doping in CQWs can be extended to different types and thicknesses of materials, and different transition metal elements, which could expand potential applications in various optoelectronic and color conversion devices.
Experimental Section
Chemicals: Cadmium nitrate tetrahydrate, sodium myristate, technical grade 1-octadecene (ODE), selenium, cadmium acetate dihydrate, copper (II) acetate, trioctylphosphine (TOP), oleylamine, ammonium sulfide, N-methylformamide, and technical grade oleic acid (OA) were purchased from Sigma-Aldrich. Methanol, ethanol, acetone, and hexane were purchased from Merck Millipore.
Synthesis of Cu-Doped 3 ML Thick CdSe Nanoplatelets: Cd(Ac) 2 ·2H 2 O (0.5 mmol), oleic acid (0.3 mmol), and ODE (15 mL) were mixed in a 50 mL three-neck flask. After stirring and Ar bubbling for 10 min, different amounts of Cu precursors (20-500 µL) were added at room temperature. Subsequently, the flask was heated to 230 °C under Ar protection. After the flask was kept at 230 °C for 5 min, Se-ODE solution (2.5 mL) was injected and immediately light yellow color appeared. Although the temperature of solution decreases by the addition of Se precursor, slow heating with external heat gun for 1 min helps to retain the temperature level at 230 °C, which was maintained for additional 4 min. After that, the temperature of the solution was decreased to room temperature using a water bath. The solution was centrifuged at 2500 rpm for 10 min and the supernatant was removed into another centrifuge tube. After adding ethanol into the supernatant solution until the occurrence of turbidity, the solution was centrifuged again at 8000 rpm for 5 min, and then the precipitates were dissolved and stored in toluene. An undoped control reaction was performed by injecting 100 µL of bare TOP-ODE at the start having same concentrations used for preparing Cu-TOP precursor. [37] Synthesis of Cu-Doped 4 ML Thick CdSe Nanoplatelets: For a typical synthesis, 340 mg of cadmium myristate, 24 mg of Se, and 30 mL of ODE were loaded into a 100 mL three-neck flask. The solution was degassed and stirred at 95 °C under vacuum for 1 h in order to evaporate volatile solvents and dissolve the cadmium myristate completely. Then, the heater was set to 240 °C and the vacuum was broken at 100 °C and the flask was filled with argon gas. As the temperature reached 190 °C, variable amounts of Cu precursor (40-300 µL) already prepared and stored in nitrogen filled glove box was added dropwise until the temperature reached 195 °C where the color of the solution became yellowish and then 120 mg of cadmium acetate dihydrate was introduced swiftly into the reaction. After the growth of CdSe NPLs at 240 °C for around 10 min, 1 mL of OA was injected and the temperature of the solution was decreased to room temperature using a water bath. The solution was centrifuged for 5 min at 6000 rpm and the supernatant was removed into another centrifuge tube. After adding ethanol into the supernatant solution until it became turbid, the solution was centrifuged again at 10 000 rpm for 5 min, and then the precipitates were dissolved and stored in toluene. The small subpopulations of undoped small sized 5 ML CdSe NPLs remained in supernatant in this centrifugation step, which was discarded. An undoped control reaction www.advmat.de www.advancedsciencenews.com Adv. Mater. 2017, 29, 1700821 was performed by injecting bare 100 µL of TOP-ODE solutions with the same concentrations used for preparing Cu-TOP precursors.
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